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ABSTRACT 

The concept of radiometric temperature is discussed; special 

attention is given to the problem of non-ideal antennas and a computer 

program is given for estimating surface radiation temperature f rom 

observed antenna temperature. 

Several surface and shy models are discussed and the equations 

for calculating their radiometric temperatures a r e  given. - 
- 

‘ C C  

Two working microwave rzdiometers were developed (10 GHz 

and 35 GHz) and used to measure the radiation temperatures for 

several  types of terrain. Good agreement was obtained between the 

measured temperatures and temperatures computed from the theo- 

retical  models. 
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CHAPTER I 
INTRODUCTION 

Recently there has been considerable interest in the practical 

application of radiometer systems at  microwave frequencies. l" # 3  

Previously the radiometer was an instrument used primarily by the 

radio astronomer,  but i t  has now found useful application in many 

other fields. For  example, 

airborne radiometers fo r  iceberg patrol; because icebergs have a 

\ 4 the Coast Guard will soon be using 

lower reflectivity than the surrounding sea they appear hotter to the 

radiometer. 

iri ihe ,a oi 6hA2.-Al~c. e y  U : I L A _ L )  , uuc.- - -L-LI~i les  ,-2. ,,,,1,. 

There has also been much work done with radiometers 

. . 7  :_ 

A practical  radiometer sextant has already been developed which is 

accurate to 10 seconds of a r c  fo r  solar sights. 4 

Both geologists and agronomists a r e  attempting to use the radi- 

ometer as a remote sensor. 

these fields may be obtained from the proceedings of the f i rs t  three 

An appreciation of recent studies in 

symposia on "Remote Sensing of Environment; " held at  the University 

of Michigan. 1'2 

But before these schemes can become practical o r  meaningful 

it is necessary to study the radiometer problem on a more funda- 

mental level. That is, the relationship between the radiometric 

1 
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temperature of a body and i ts  physical and electrical properties 

must be understood in order to be able to predict the effects of 

8 . .  

such factors a s  surface roughness, density, water content, 

dielectric constant and chemical .composition 

able to accur.ately measure the radiometric temperature of the 

This requires being 

surf ace, 

mations 

an ideal 

even for 

and thus prohibits the use of many simplifying approxi- 

in the analysis of the data. 

antenna in the reduction of data introduces significant e r r o r s  

antennas which have very good patterns. 

In particular the assumption of 
s 

-. c< 

Extensive work 

has been done on this antenna problem and a solution has been ob- 

tained which corrects  for the non-ideal characteristics of the actual 

antenna used to perform the measurements. 

theoretical calculations of expected radiometric temperatures and 

also to study the properties of several  terrain types, h o  micro- 

wave radiometers (10 GHz and 35 GHz) were designed and con- 

structed. Several types of terrain, including a aer ies  of lavas 

aa”, 2 =rlrmt.,zr cf C T G ~ S ,  -:.-::e Illtobciied a d  tLe cz2erirnental values 

of apparent temperature were compared to those predicted from 

the or  etical mode 1 s. 

5 G T ~ Z Z  L -  L U  - - - - - ’ =  I c z Ll” Sie 

, 
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CHAPTER I1 
THEORETICAL CONCEPTS OF RADIATION 

AND THE EFFECT OF A NON-DEAL ANTENNA 

All objects above zero degrees Kelvin emit electromagnetic 

radiation. The amount of radiation emitted can be calculated quite 

accurately by using the Rayleigh- Jeans low frequency approximation 

to Planck's law of radiation. Planck's law for a blackbody radiator - 
is given by the equation 

. c 

! 
1 2hf3 Af watts J = -  

2 m 2 - sterad 
C 

J = emitted power pe r  unit a rea  of i ts  surface per unit 

solid angle 

c =velocity of light = 3 X l o 8  meters/sec 

h = 6.  623 X 10 joule-sec (Planck's const) 

k = 1. 38 X (Boitzmann's const) 

T = thermometric temperature of the radiating body in  

- 34 

degrees Kelvin 

Af = incremental bandwidth. 

The Rayleigh-Jeans approximation then makes use of the fact 

that hf << kT for temperatures above a few degrees Kelvin in the 

3 



microwave region, to provide a.miich simpler expre ssjon for  emitted 

power. The exponential t e rm can be expanded into a power series;  

only the first two terms need be retained so that 

_. 2f'kTAf - 2kTAf watts - -  
2 A' m - sterad 

J =  - 
C2 

It is now necessary to relate the power emitted by an object 
.. 

to the power received at the terminals of an antenna. Consider an 

ideal antenna which has a very small uniform beamwidth Rant ste- 

radians and no other side or back lobes. The small beam area  of 

the antenna assures  that the object will present a constant t e m p r a -  

-ture.to the -&+ana. If tl=icLbkckbcdj- cLjcct is zt T, degi-ees Kelvin 

' &  

then the power received at  the terminals of the antenna is: 

A,, is the maximum effective collecting 

is given by 

XZ X2 A,, = - D,ax = - [maximum d 
4a 41r 

aperture of the antenna and 

rec  tivity 3. 

1 
2 

The factor of - is  due to the assumed randorr;ness of polari- 

zation of the emitted radiation, so that only half the incident power 

will be absorbed by the antenna. Thus 

\ 
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Since 

Using the expression f o r  Aem and cancelling 
.. . 
-S 

n .  

the standard definition of .antenna temperature Ta is given by 

Pant = kTaAf, the antenna temperature a t  the receiving terminals 

of the ideal antenna is exactly equal to the physical temperature 

of the blackbody radiator. 

.. 

Since blackbody radiators a re  rarely encountered in practice 
8 

i t  is necessary to  introduce the concept of equivalent brightness 

ternDerature .of .a real  body. 

radiometric temperature (T 

The equivslent kriyhtne.Fs a'r ?p??'er* 

) of any body i s  defined as the tempera- eq 

ture of an ideal blackbody situated at the same position as  the original 

body and emitting the same radiation intensity to the point of ob- 

servation. The power density f rom a real  body is then 

J = 2kT,q Af watt 
x2 m2 - sterad 

Returning again to the relationship between the antenna tempera- 

ture and the effective brightness temperature, consider an  ideal 

antenna (refer  to Fig. 1) which has only a single pencil beam, 

described by its normalized antenna pattern function f(8', 9' ) .  

c 

F 5 



ANTENNA 'WITH EFFECTIVE 
1 - COLLECTING APERTURE Ae(8;+') 7 

OBJECT UNDER AND PATTERN FUNCTION f (&+I) 

OBSERVATION DESCRIBED BY 

- - Lc 

I 8' J 

--I 7T 

Fig. 1. Ideal antenna assumption. 

Assuming that the object under observation is large enough so that 

i t s  equivalent temperature i s  constant over the area covered by 

the antenna beam, the power received at the terminals of the 

antenna is 

6 
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. 

. .  . .  but 

so that one obtains Pant = k T (e, Q) Af and the equivalent brightness eq 

temperature of the body is equal to the antenna temperature of an 

ideal antenna. 

It must be realized, however, that in practice antennas do not 

have the ideal pattern assumed above, bpt in  fact accept some radi- 

ation f rom every direction. For this case the equivalent brightness 

.. 

* 
temperature is related to the antenna temperature by 

where fl(8', + I )  is the antenna pattern measured with the design 
polarization and T,(e) is the temperature of radiation impinging 
on the antenna with that polarization; f2(0',+')  i s  the antenna 
pattern for polarization state orthogonal to the de sign polarization 
and Tz(0) is the incident radiation of corresponding polarization. 
In practice the cross polarized te rm is small for a well designed 
antenna, and contributes only a degree or  two to Tanp 

7 -  
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f””s” T(8) f ( @ ,  Q1’) ‘sin C’ der d+’ 
( 1 )  T,nt(QoI = .O 0 

. ~ 2 T l T f ( o ” )  sin 8’ de1 d+’ 

.. . 
-S 

0 0  
o r  more  generally the antenna temperature is the weighted average 

of all radiometric temperatures where 

Tant(6o) is the antenna temperature in the direction 8, 

T(0) is the radiometric temperature distribution .. 

f(0’,+’) is the normalized antenna“power pattern function 
- 

which acts as the weighting fwction 

s in  8’ de’ d+’ is the element of solid angle. 

(Refer to Figs. 5 and 6 for  geometry. ) 

ometer system, find the corresponding values of radiometric or  

brightness temperature. 

The best way to solve the problem is to construct an 

antenna which has a very narrow uniform pencil beam with no 

sidelobes, backlobes o r  spillover losses. In this case the antenna 

temperature is equal to the radiometric temperature. 

even antennas which a r e  designed to maximize the energy in the 

main beam fail to satisfy the ideal antenna assumption. 

Unfortunately, 



. - 

For  example, Fig. 2 shows the pattern of an X-band para- 

bolic reflector antenna specially designdd for radiometric appli- 

cations. Although i ts  pattern appears very close to that of an 

ideal antenna, a study of Fig. 3, which giyes the details of the 

side and back lobe structure, shows that a significant amount of 

. .  

- .  
the received power can be absorbed off the main beam. 

to estimate the actual energy distribution as a function of the polar 

angle 8, several  cuts. (E plane, H plane, etc. ) were taken to  obtain ~ 

an average f ( 8 ) ,  and these were then integrated to get the fraction 

In order 

of total power contained in  a cone of half angle 0 ( s e e  Fig. 4) .  

This rea l  antenna bas only about 757c energy in i t s  main 

beam and i t  is not until 110 degrees off axis that 99% of the energy 

-ALd ucIcli. L-:~L-~L<. Zieariy- the assumption 01 an ideal antenna (all 

power in narrow beam) is not valid and it is necessary to find some 

other way to relate antenna and radiometric temperatures; that is, 

the effect of radiation entering the antenna through the sidelobes 

must  be considered. 

c - 1  

The problem of determining Tant, given T(8) is straight- 

forward. h practice however Tant is the measured quantity and 

T(6) is the unknown. 

Eq. (1) as an  integral equation. h' exact solution cannot be 

To find T(8) then it is necessary to solve 

9 c 
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Fig. 3. Antema sidelobe detail. 
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obtained unless the antenna temperature i s  measured for every value 

of 8, +; in  practice a good approximate solution which uses a finite 

,. 

number of measured antenna temperatures i s  desired. 

- - ENERGY DISTRIBUTION FROM MEASURED PATTERN - ._ 

Fig. 4. 

The most straightforward solution would be to expand T(8) 

in  some type of ser ies ,  such as  a power or  Fourier series. 

if Tant were measured, say, every lo" ,  for 0 5 8 S 180 i t  would 

be necessary to solve a system of 19 equations with 19 unknowns. 

Since the coefficients are double integrals the computations 

a r e  lengthy even for a high speed digital computer, and makes this 

Then 

11 



type of solution undesirable from an economic viewpoint. 

ever there is another type of approximation which works quite 

How- 
.. ' 

well for antennas with a fairly large fraction of energy in the 

main beam. 

antenna temperature to estimate T(8).  

then put into the integral to see if the equation i s  satisfied for  

each value of 8. 

The procedure i s  to tise the measured values of 

This initial estimate i s  

If it is not, the initial estimate is modified by 

comparing this computed T(8) distribution to the measured Tant 

distribution, and adjusting the estimate of T(8) by the difference 
. LC 

between the two values. This iteration technique is repeated 

until the equation is satisfied, for all  Ta,t(8), indicating that a 

good estimate for T(@) has hem fnw+du 

works quite well; after only two iterations T(8) is within a degree 

This booistrap nrethod 

o r  two of i t s  self consistent value. A computer program for the 9 

independent case is given in Append% ILI. 

12 
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5. Geometry of radiometer problem. 
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CHAPTER 111 
MODELS 

There a re  several  sky and surface models whose radiometric 

temperature can be predicted. Four of these, which wil l  be dis- 

cussed in this section, are: the atmosphere, the flat surface, and 

two rough surfaces. - 

Sky Model 

In the microwave region almost all of the atmospheric radiation 

is due to oxygen and water vapor absorption. The percentage of 
1 

i 
oxiyger, L. ihe & l * A b u p l ~ ~ A  e A cILIAcL.;IID- Q L L a ~ =  L L.ulrsttbnt a a  a ; u i ~ L u l i * ~ i  . . ' i  

time but the water vapor content may have a seasonal variation of 

twenty to one; 5 J 
hence the radiometric temperature of the sky is not 

a constant, but i f  the pressure, temperature, and water vapor a r e  

known the attenuation per unit length and hence the radiometric 

temperature can be computed using formulas derived by Van Vleck. 
.. 

6 

The most commonly used model for detePm*ining sky tempera- 

ture  distributions is to assume a planar earth; for this case the path 

length over which absorption occurs is proportional to the secant of 

the angle from zenith. This assumption of a plane earth gives good 

accuracy for angles less  than about 80" f rom zenith. 

15 



A convenient form for  detirininihg the sky temperature as a 

. function of angle is  given by Wulfsberg5 

where 4 

a0 is fractional transmission of atmosphere at  zenith (6 = 0) 

Tm is the mean absorption temperature, which for  c'lear sky 
- 

conditions can be expressedks T, = 1. 12 Tground -50°K. 

Extensive .experimental measurements of sky temperature at  

several  microwave frequencies have been made by Air  Force 

Cambridge Laboratories5 under various meteorological conditions 

model. 

Smooth Surfaces 

Another model which can be analyzed quite easily is the very 

surface at some angle of incidence 8. For terrestr ia l  surfaces 

the transmissibility is zero so that the radiometric temperature is 

composed of two components, radiation which is emitted by the 

surface, and radiation from the atmosphere which is reflected by 

the surface. 



The radiometric temperature can then be computed from the .. 
r e fl e c tion c o e f f i  c ie ot since 

where 

. .  
ryr rh = reflection coefficient for vertical  and horizofital 

c 

. 
polarization - t, 

Trv, Tr. = vertically and horizontally polarized compohehts 

of radiometric temperature 

TsQ(eo) V I T h (eo) = vertically and horizontally polarized 
sky 

i . . v3 ,, . i , - - .L .  . . .-.. . , . i. -, c. . . .* -. - - , tric skj- 

temperature in direction 8, 

Tg = thermodynamic temperature of object. 

The reflection coefficients a re7  

4 2 ’ ’  2 CL cos eo + p, w p f  - ko sin eo 

ko cos 6, + co,/w2 b; - ko 2 sin 2 8 

where 

= complex reflection coefficient for horizontal polarization 

_ - - _ _  

1.7 



I 

>v = complex reflection coefficient for vertical  polarization 

= complex permeability of bbjict 

= complex dielectric constant of object 2 

po = f ree  space permeability 

E = f ree  space permittivity 0 

A case  of particular interest is when the object is non-magnetic, 

that is 

smeoth surface reduce to 

= vo. Under this condition the  radiometer equations for  a "  
. t c  

E where f r  = - relative dielectric Constant. 
EO 

It is interesting to note that the reflection coefficient fo r  verti-  

cal  polarization is zero when tan 8 = sE,-' (Brewster's ziigk; zr?. 

for  this particular angle the radiometric temperature should be 

exactly equal to the thermal temperature of the object. 

18 



fiough Surfaces 
? .  

. 
I 
i 
! -  

~ 

i 
i -  

The apparent temperature of' two simple types of rough (dif- 
4 

fusely scattering) surfaces can also be predicted i f  the bistatic 

scattering characteristics of the'Lurface a re  known. 

whose bistatic scattering. crossrsection per unit area can be ap- 

./ . 
For a surface 

proximated by 

a,(eo, es)  = - Yo [ C O S  e, + e,] 
I t ,  

2 .-. 

(i. e., for which the backscattering or radar cross  section is 

cro(e) = Yo cos e), the emissivity is8 

secant 8 E =  
4 (1 + 2 

where Yo is a constant determined f rom the radar backscattering 

measurements of the surface. 

Thus the apparent temperature of the rough surface using this 

scattering model is 

I- h, \I' 
1. ' secant eo )ITg 

(4) T, = 11 - 
(1 + 2 

Fz(cuo) secant 8, 
2 

where the superscripts represent the horizontal and vertical compo- 

nent respectively and 



. 
Ei(Pn Q ~ )  = exponential function, tabulated in Reference 12. 

Similarly for a Lambert Law surface, fo r  which u0(9,, 8 , )  = 

YL cos 8,  cos 8, and backscattering cross-section per unit a rea  

' 2  
u,(8) = YL cos 8, the emissivity is given by 

and the apparent temperature is  . 

,J?r~zk;d-ix f -contains rnezsured surface temperatures and the 

corresponding theoretical temperatures for all of the models 

discussed in this chapter. 

. . . . .  - 

20 



.. 
CHAPTER IV 

RADIOMETER DESIGN 

. 
A. System Description 

The design of a rad'iometer i s  determined largely by i ts  in- 

tended use. For example a radiometer intended for radio astronomy 

must  be able to detect temperatrre differences in the order of 0. 01°K 

while a radiometer used fo r  terrain mapping measurements requires 
.. I .  

a sensitivity of only a degree o r  two. The X-band and Ka-band 

radiometers discussed in this report  were designed specifically fo r  

terrain measurements so that the comments and design procedures 

The purpose of any radiometer is to accurately measure the 

a-mount of power radiated by an object. The thermal power in the 

microwave region which is radiated.by the object must be received 

by some type of antenna and processed to obtain an output which i s  

related to the r d i o z e t r i c  temperature of the body under obzer~,~?r:on. 

A system which performs this function quite well is shown below in 

Fig. 7. The system is called a commutating comparison o r  Dickey 

radiometer. 

The commutating component is a microwave ferri te.  switch 

which alternately switches the input of the receiver between an  

21 
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IOOOcpS 
FaEAMP I F AMPLIFIER SELECTlL 

A M  PL IF I E 

M I X E R  + 
I PJ T E G SAT E D .' 

RADIOMETER SYSTEML -. I 

D C  OUTPUT 
PROP0RTIO;JAL 
TO TANT 

Fig. 7. Radiometer system. 

antenna, which presents a noise power k TantB, and a matched 

microwave termination a t  temperature TL, which delivers a noise 

power k TLB. 

known temperature of the reference load to the unlaown antenna 

tcm-- I.. c.. 4 7- 7 - -  

the noise signal to an IF frequency where i t  is amplified. 

This modulation process continuously compares the 

flCIIU-L-rr. - A  . G ~ L L ~ ~ C C ~  Y:ACA -.va.ve iiiixcs is user! to down-convert 

At the crystal  detector, the envelope of the signal, which 

contains the desired information is recovered, amplified, and 

synchronously detected to provide a dc voltage output proportional 

to the antenna temperature. 

22 5 



B. System Sensitivity 

I .  

The usual criterion to evaluate the performance of a radiometer 

is its minimum detectable temperature sensitivity AT. 

root mean squared value of the fluctuation of the measured values 

This is the 

of radiometric temperature. 

9 The expression for  A T  is given by: 

.. 

u = constant depending on modulation, background radiation, 

detection factors,  and other system parameters. 

TL = reference load temperature 

xL = ioaa temperature referred to mixer input 
t 

T,& effective antenna temperature 

F = system noise figure 

B = predetection bandwidth 

T = postdetection integration time 

G(t) = instantaneous gain 

Go = average value of gain. 

Thus the system sensitivity is  composed of two parts, a component 

due to statistical fluctuations and a component due to  gain var i -  

ations. The portion due to gain variation is exceedingly difficult 

23 



irap-- 

to measure because it requires accurately knowing the system gain 

as a function of time. 

C ' .  

However, f o r  terrain measurements the 

antenna temperature i s  close enough to the reference temperature 

so that the statistical variation t e rm becorn-es dominant. 

assumption has been varified experimentally; the measured value 

This 
. ,  

of A T  is very close to the expected -iralue from the statistic a1 portion 

a'lone. 

\ 

C. Noise Figure -=c 

The system noise figure was obtained by the following te cbnique. 

~- 
R F  3 0 0  

PRECISION .. . 
VOLTMETER ATTENUATOR PA D - 

ATT ._ 

Fig. 8. System for measuring noise figure. 

Using the system of Fig. 8, with tne noise generawr turned 

off, the precision attenuator set to maximum attenuation, and the 3 

db pad shorted, the power delivered to the voltmeter will be 

P 1 = k T a t t B G  t ( F - l ) k T o B G  

F = noise figure of system 

T,tt = attenuator temperature 

24 



To = AIEE standard 290°K 
I .  

B = system bandwidth 

G = system gain. 

The noise tube i s  then turned on and the short circuit i s  r e -  

moved from the 3 db pad. The precision attenuator is adjusted so  

that the RFvoltmeter  reads the same as before. For this con- 

dition the output power P2 from the amplifier which is delivered 

to the 3 db pad is .. 
. -- 
-. % 

P t = k T m B G  + ( F - 1 ) k T o B G  

where 

But P2 = 2P1 since the 3 db pad has been added so that one obtains 

TIN - 2Tatt  
TO 

F = l +  

This method of measuring noise figure has the advantage that 

the noise bandwidth and gain of the system need not be  determined; 

also, the linearity and calibration of the R F  vQltmeter is of no 

concern. 

25 



D. Summary of Performance ., 
a .  

The performance of the two radiometer sys teins constructed 
8 

. 
can best be understood by examining a summary of their character- 

istics. -4 
.> . 

Summary of Radiometer Characteristics 

X-Band Ka-Band 

1. Calculated A T  sensitivity with .48"K . 9 6 " K  - 
- 

"C,. 

5 seconds integration time and 

radiometer constant k = 5 

2. Measured A T  sensitivity with . 75°K 1.5"K 

same integration time 

3. iuleasui-eu noise bandwidth 35U MHz 3sU MHz t 

(double sideband) 

I + + 
4. Measured noise figure 12. 5-0. 5 db 15. 7-0. 5 db 

(3. 5) (1. 5) 

6. Antenna VSWR (maAmum 1. 09 1. 10 

5. Antenna beamwidth 

I 

over frequency range used) 

7. Oven load VSWR (see Fig., 12) 1. 05 1. 06 

8. Reference load VSWR 3.02 1, 05 

9. Predetection power gain 60 db 60 db 

10. Postdetection voltage amplification lo5 i o 5  

0 

26 
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CHAPTER V - 
CALIBRA TION 

. *  A. System Parameters  - 5  

The usual calibration method is to refer all  temperatures to 

the input of the mixer; this requires accurately measuring the losses 

, \  

of all  waveguide f rom antenna to the mixer, and the attenuation 

characterist ics of the ferr i te  switch. 
- 

- - - .Lr  

.. :- 

, .. ---.-. ..,-L ,...- irj, 

inpu 

. 

C AL 1 BRAT ION 
LOAD TR 

- - ' ._ P .-. 
I . ,  ..,.L.. 

R E F E R E N C ~  
LOAD TL 

I 
L.O. 

1 ... . .I 

Fig. 9. Calibration of radiometer. 

Referring to Fig. 9 the 

with the antenna connec 

equivalent temperature a t  the mixer 

ed is 

where 



TI,,, 3, 

a l , 2  , 3 ,  = attenuation factors of guide 

,5 are the thermal temperatures of the Waveguide 
e .. 

a4 = attenuation factor of ferr i te  switch. 

A similarly complicated expression is necessary to calculate 

T d x 2 ,  the temperature a t  the input of the mixer when the calibration 

load i s  connected. It should be noted that both cf these expressions 

are linear as  long as the waveguide temperature and ferri te switch 

characteristics do not change during the measurement. 
.. 

- 'c -. 

i. e. T m k l  = CITant t Cz . 

Tmixz = C, TR t C4. 

The fact that the system is linear can be utilized to  reduce the 

number of tedious measurements necessary and eliminate the associ- 

ated experimental errors .  The linearity of the actual system can 

easily be determined by using a calibrated precision attenuator a s  

shown in Fig. 10. 

For  this arrangement 

T = (Y Tant t ( 1-CY) To = KIVout + K, i f  system is linear 

rearranging T = a(T,t - To) -k To = KiVout -I- K2= Solving for  Vout 

" 
constants during measurement . 

1 .  

. .  

.. . . .  
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I -  C A L I B RAT E D 

Hence by pointing the antenna at the zenith sky (by far  the 

rnr\”t -a.vu. -* 

radiometer output voltage as a function of attenuator setting, i t  is 

#.-.n.-.,-, . ,Lent low temperature reference) 2nd measuring the 

possible to check the linearity over the complete dynamic range 

for which the system is to be used. 

. 
Such a graph is shown in 

Fig. 11. The rms  deviation from a straight line i s  of the order of 

AT. Note that the actual value of s‘ky temperaLure, .iantr o r  system 

parameters need not be known. 

After the linearity verification i t  is possible to calibrate the 

radiometer by referring all temperatures to any common point in 

the system. 

nals of the antenna; that is, the radiometer is calibrated to measure 

The most convenient reference place is a t  the termi- 
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- ....- _- -_I 

- a FROM ATTENUATOR SETTING 
- . A  -- 

Fig. 11. Verification of linearity. 

. .  

antenna temperature directly, instead of mixer input temperature. 

Then from the directly measured values of antenna temperature, 

the computer program can be used to solve for the desired radi- 

ometric temperature. 

Referring again to Fig. 9 the calibration equation is 

where Tcalib is the value of the calibration temperature TR referred 

to the antenna and czl is the lumped value of waveguide loss plus 

insertion loss of calibration switch. 

30 



For  the practical case of the system rcmaining at constant 
a c .  . .  

temperature during the measurement period, T2 = TI = To (the 

yaveguide temperature), , 
i 

... . _ .  
. .  

. .  i -  ’. t . .  
In this expression the values of q, 02, To, and TR (the tempera- 

ture of the Calibration load) a re  known 2nd the value of Vout cor- 

responding . ”  to TR is.measur4ed. 

cdrre.sppnding output voltages a r e  necessary 2nd sufficient for 

calibration. 

” -  . 
Two values of TR and their 

. LS- 
J 

- \  

B. Calibration Techniques 

-- 
I I A ~  L L Y U L  aLion proceJure shuuici be K e y ~  aimpie ~ C L  dcLureLtJ. 

. ,  t 

At X-band the zenith sky temperature is known quite well for a clear 

sky and can be used to provide a calibration point. 
% 1  . 

At Ka band 
f .  , .  

< .  

however the zenith sky temperature depends too much on such factors 

as relative humidity and cloud cover to provide 2 suitable reference 
--,_ - .  - >  . 

I .  

: .  
I 

temperature. 

Eources. 

It then becomes necessary to obtain other calibration 

.. 

One method is to construct a microwave blackbody radiator and 

maintain i t s  temperature at  a fixed value. A device which comes 

11 
very  close to this ideal radiator is  shown in  Fig. 12. 



. 
4 
I 

MODIFIED OVENAIRE C-107 OVEN 
' .  

-4OW' DIELECTRIC FOAM 
( 1  . I 

I 
-!-"LAYER OF EMERSON AND CUMING ECCOSORB CR 16 

I .  CASTING RESIN WAVEGUIDE ABSORBER 

Fig. 3 2. Calibration source. 

It consists of a cylindrjcal cavity whose surface i s  coated 

with a microwave absorber and maintained at  a constant tempera- 

ture of 85°C by the oven. The RG-96  waveguide inside the cavity 

ac ts  as an antenna.to receive the radiation and is tapered to reduce 

any mismatch due -to sharp discontlnuities. . .. 

The radiation mechanism within the cavity can be understood 

by considering what. happens to energy entering the cavity from 

the antenna. 

a t  the cavity surfaxe. 

repeatedly reflected off the cavity walls. 

Any such energy is partly absorbed and partly scattered 

The scattered radiation (see Fig. 13) is 

Each time i t  str ikes the 
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.. 
Fig. 13. Radiation rnechqqism inside 

calibration sou-rc d. 

wall, part  of i t  is absorbed s o  that only a negligible fraction ever 

returns to the antenna. 

p~;rac:icallv all of the incident radiation i s  absnrbed. 

the input VSWR is 1.05 indicating that less  than one tenth of one 

Thus the cavity acts like a black body; 

From Tablc I 
I 

percent of the incident energy is reflected. 

By Kirchoff's Law, the cavity has an emissivity equal to i ts  

absorption coefficient (i. e., 6 = 0. 999) so that the "antenna'' tempera- 

ture of the waveguide is very neariy the oven temyerarure. 

This device can be used to provide a known reference at two 

temperatures, ambient with the oven off, and 358°K with the oven 

on and in thermal equilibrium. The waveguide can be thermally 

isolatedto prevent any heat transfer between the oven and the 

waveguide (but not affect the microwave radiation mechanism) by 

33 



filling the cavity with a low loss foam. 

superior to the conventional technique of placing a commercial 

waveguide termination inside an  oven; large temperature gradients 

usually exist between the waveguide and the oven walls so  that the 

This method seems to be 
r ' .  

*. 

temperature of the radiating material inside the waveguide en- 

closure is hard  to determine accurately and there is also the dis-  

advantage of excessive heat flow down the waveguide. 
b 

... .- . 
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CHAPTER VI 

DISCUSSION OF DATA 

This section presents a number of measurements of selected 

terrain and sky, parbly a s  a catalog, and partly to confirm the 

approach to interpretation of radiometric temperature previously 

discussed. 

according to Eq. (1) and Appendix UI. ' L  

All  data has been corrected for antenna pattern effects, 
- 

The f i rs t  group of measurements a re  the sky profiles a t  

X-band (Fig. 14) and Ka-band (Fig. 15).  Both measured curves 

show good agreement with calculated curves and with measure- 

. *  . -  ...,.. ..c c *- 7 .  .-4 - :- --r ,. tzhers 2:- i 4 ~ L r r A d L  UULIdUrAAwAiL Ldnditions. At 

Ka-band the r m s  deviation is about 2. 5"K, which is compatible 

- .* -- - *  

with the radiometer A T ,  uncertainties i n  calibration, and other 

experimental errors.  At X-band the zenith sky was used as a 

calibration reference, fixing i t s  value a t  5°K; however, with this 

one point fixed the agreement of temperature versug angle is  good. 

The second group of data is fo r  a smooth surface, where the 

scattering is specular and the temperature can be computed from 

Eq. ( 3 ) .  Figure 16 shows the theoretical and measured tempera- 

ture of asphalt, which has a dielectric constant of 4. 3 t j. 1 a t  

X-band and 2. 5 -k j. 65 a t  K,-band. Both the directly measured 
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values of antenna temperature (labelled "antenna") and the cor- 

responding computer -corrected surface radiation temperature 

(labelled "experimental") , a r e  presented, in order to emphasize 

the significant e r r o r s  which would occur i f  the antenna pattern 

corrections were ignored (compare, for example,' Reference 10) .  

For both frequencies (Figs .  16 and 17) the Brewster angle 

effect is quite noticeable and the angle at  which is occurs is in 

good agreement with that predicted by Eq. (3 )  in Chapter III. - 
The third group consists of vegetated surfaces which, on the 

basis of a number of radar rneas~re rnen t s '~  a r e  known to be rough 

(scatter isotropically). Thus Eq. (4) can be used to predict their 

apparent temperature if  the scattering parameter Yo is known. 

18-20, special radar measurements were made concurrently with 

the radiometer measurements. From these, values of Yo were ob- 

tained in each case and appear on each figure. It is seen that the 

agreement between the radiation temperature and.that predicted by 

Eq. (4) is quite good, except perhaps for  the oats; this can be 

explained in terms of the radar measurements - the oats scattered 

less isotropically than the wheat and alfalfa so that the empirical 

model for the scattering law was  not a s  well satisfied as  it was for 

the other crops. 
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1 .  

I .  

The last  group consists of four types of volcanic materials .. 
which have about the same chemical composition but quite dif- 

ferent physical properties. The materials,  lapilli, pumice 

(2  types),  and obsidian a r e  all located near the Mono Crater 

chain in California. The lapilli was  measured an a level a rea  at  

the north end of the chain, the pumice was measured in a inine 

situated in the middle of the chain, and the obsidian was measured 

at  the Obsidian Dome, south of the chain,r Although all of the sub- 

- 

stances a r e  more than 70% silicates (predominately SOz) there a re  

considerable differences in the density and hence dielectric con- 

stant, so that there a r e  significant differences in their apparent 

i t : r 7 ? p - ~ - 2 f n 7 . ~ ~ : .  The lapilli !-efFr t? YL- 27) i s  coznpsed 

small  particles, in the order of 0. 5 cm to 1 cm, and its rad-iometric 

temperature curve is similar to that of a smooth surface at  X-band; 

at Ka-band, however, i t  is characteristic of neither a smooth nor 

a rough surface. This is consistent with the fact that the surface 

scattering should change its character when the wavelength ap- 

proaches the surface particle size. 

As can be seen from Figs. 23, 24, 25 and 26 both types of 

pumice (light and dark colored) and the obsidian have apparent 

temperatures which do not change significantly with look angle, the 

characteristic of a rough surface. This is to be expected in  view 
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. 

of the fact that the blocks of material were as  much as 2 or 3 feet 

in diameter. 
8 

a .  

The radar scattering characterist ics of the dark 

pumice varied in a manner intermediate between the predictions of 

.Eqs, (4) and (5). Thus the predicted app2-reot temperature was 

computeri for both models. As seen from Figs. 23 and 24 the 

measured values of apparent temperature, for both X-band and K,- 

band, also lie between those calculated from the two models. 

It is interesting to note that the apparent temperatures of 
- 

.-. . CC 
the materials follow the trend that would be expected on the basis 

of their denstties; that is, as the density is increased, so is the 

dielectric constant and the reflectivity, so that the emissivity and 

thus surface temperature decreases. 
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This report hzs analyzed the integral relationship between the 

antenna temperature, which is measured by a radiometer, and the 

desired radiometric temperature of a surface. 
.* . 

A computer program was developed to convert the measured 

values of antenna temperature to corresponding values of radi- 

ometric temperature, and used to demonstrate that this antenna 

pattern correction is many  times larger than the temperature 

- 
--. 

'If 

sensitivity of current r>.diometer systems. Thus radiometric 

measurements made by different observers of a particular surface 

cannot be compared unless the complete pattern of each antenna is 

known and the necessary corrections made. 

T w o  microwave radiometers were constructed and used to 

show that good agreement could be obtained between computer- 

coy'rerted ?-?> s . x r d  +?-~g-:~?.?:~-c-s nrrd temperatures computed from 

theoretical models for  several different types of terrain. 

A ser ies  of rhyolitic lavas wa5 measured and i t  was verified 

that changes in density were well correlated with changes in radi- 

ometric temperature. Hence, if a surface i s  known to be of this type, 

the relative density can be determined remotely by radiometric 

measurements. 
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APPENDIX I 
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Fig. 15. K, band sky profile. 
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DEGREES FROM GRAZING 
X-BAND ASPHALT E, = 4.3+ j.1 

Fig. 16. X-band asphalt. . 
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Fig. 27. Photographs of volcanic materials 
a t  M o n o  Craters ,  California. 
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APPENDIX II 
DISCUSSION OF GEOMEYR? PROBLEM 

4 

In order to evaluate the integral in Eq. (1) i t  is necessary to 

derive the geometrical relations between antenna co-ordinate s and 

terrain geometry. Figure 5 shows the geometry of the problem to 

be solved. 

Some object or terrain defines a ground based coordinate 
- 

system XYZ, and the radiometric temperatures T(8) a r e  to be found 

in this system. The antenna views the terrain from some angle of 

incidence Bo; the antenna then defines another coordinate system 

X' Y' Z' and the antenna pattern characteristics a re  known in this 

be oriented so that one coordinate is common to both systerrs 

(arbitrari ly choose X' = X).  Redrawing the two Cartesian systems 

A as shown in  Fig. 6 i t  is possible to express the unit vector n i n  

both the primed and unprimed system and equate the two expressions. 
. .  

A h  A A. 

n = x sin 6 cos 4 t y sin 0 sin Q t z cos 6 
A A  A A 
n = x* sin 6' cos 41 't y' sin 0' sin + I  -!- z' cos 0' 

A A h  A 
where x, y, z and z t  a r e  unit vectors in the two systems. 
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The relationship between the primed and unprimed coordinates 
t * .  

can then be expressed as 

h h A 
y' = y cos 0, - z sin 0, 

21 = y sin 0, + z cos 0,. h A 

A Equating n in both systems and substituting for the coordinate 

vector yields 

.'c- 
- .. sin 0 cos + = sin 0' cos +' 

bin 0 cos + = cos 8, sin 0' sin +' + sin 0, cos  0' 

cos 0 = cos 8, cos 0' - sin 0, sin 0 sin + I  . 
After some algebraic manipulation, the desired relationships 

cos 0, sin 81 sin $ 1  + sin 0, cos el 1 
sin 0' cos +' 1 (P =tan-' 

1 sin 0' cos +' 
cos +(cos 0c cos 8' - sir OC S;IL Q' sin 6') 

8 = tan-' 
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APPENDIX 311. 

COMPUTER PROGRAM 

The computer solution to obtain radiometric temyeratures 

from the measured antenna temperatures was done in two parts. 

From the equation 

.. 

i t  i s  obvious that the normalizing integral in the denoininator is 

only once for a given antenna. However the numerator contains 

T(8) , the radiometric temperature distribution, which changes for 

each terrain; it is m o r e  efficient to divide the problem into two 

programs so that the normalizing factor is only computed once. 
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RUN 
S C A T S A N  

NORMAL I2 I NG 
DIMENSION(TH~TP(ISO)1FDBPo.TEMP(15O~~TEMP~Z~)~- 
READ I NPUT s F M  A s ( NN 1- 
( 1 % ) -  
C F =  3.1 4 I 5927/ i 80 - 
DOTHROVGH(SZO1 sN=l* 1sN.LE.NN- 
R ~ L A D I N P U T I Y * ( T H E T P ( N ) ~ F D ~ ~ P ( N ) ) -  
(2F16.1 1- 

I NTEGRAL- 

SUM A 2 = 3 - 
D O T H R O U t H ( S 4 0 ) r N = 2 ~ 1 . N . L E . N "  
AREA=O.- 
T H P R A = T H E T P ( N ) * C F  - 
FPNU=EXPE*( ( - . ? . 3 * F D d P ( N ) / i O *  ) ) -  

A R E A ~ F P N U * S I N ~ ~ T ~ P R A ~ * l O * * C F * ~ T H E T P ~ N ~ ~ T H E T P ~ N ~ l I  ) *CF-  
S U M A R = S U M A R + A R E A * ~ ~ D  - 
WR I TEOUTPUT 9 1 ( SUMAR 1 - 

- 
- 

CALLSVBR!lUTINE( )=ENDJOB. ( ) - . I c  

ENDPQ0GRAMCSA)- 
DATA 

e 

t 
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APPENDIX. IV 
ANTENNA PATTERNS 
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